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EXPERIMENTAL EVALUATION OF OUTER CASE BLOWING OR
BLEEDING OF SINGLE STAGE AXIAL FLOW COMPRESSOR

PART VI - FINAL REPORT

by

C.C. Koch

ABSTRACT

A high-aspect-ratio transonic rotor was tested with outer casing blowing
and bleeding devices to determine if tip boundary layer control was an
effective means of increasing the unstalled weight flow range of such a
compressor with and without inlet flow distortions. Both blowing and
bleeding over the rotor tip improved unstalled range; the blowing device
was more effective than the bleed device. It was also determined that the
porous outer casings used in this program improved the stall line even
without use of blowing or bleeding flow for boundary layer control.
Considerable data on performance with distorted inlet flows were also
obtained for a plain casing configuration without boundary layer control.

SUMMARY

Results of testing a 1120 feet-per-second tip speed rotor, having an aspect
ratio of 4.5 and equipped with outer casing blowing and bleeding devices,
were evaluated to determine the effectiveness of tip boundary layer control
in improving stall limits. The stall limits obtained with blowing and
bleeding were compared to results using the same blowing and bleeding inserts
without boundary layer control air flow and also to results from a baseline
configuration having a conventional solid casing. Extensive investigation
of the stall limits of the rotor with inlet flow distortions was made, both
with and without boundary layer control devices installed.

Results indicated that rotating stall was initiated at the pitchline in the
vicinity of the part-span shroud with undistorted inlet flow, whereas stall
was expected to occur at the tip in a rotor of this type. The rotor
performance did not depart sufficiently from design intent to explain the
pitchline stalls. With radial inlet flow distortion rotating stalls did
originate at the tip of the rotor. Although there was a substantial reduction
in the stall line in this case, the work input at the blade tip at stall

was greater with radial distortion than with undistorted inlet flow.



Rotating stalls originated at the tip with circumferential inlet flow
distortions also, but with most circumferential distortions the rotor stall
line was improved relative to undistorted results. Surveys of flow conditions
were taken with circumferential inlet flow distortion which showed that a
stable region of separated flow was present in the rotor behind the

distortion screen for those cases where an improvement in stall limit occurred.
The interaction of this separated region with the flow in the rest of the
annulus appeared to delay the formation of rotating stalls until the
compressor was throttled to very low weight flows.

It was determined that the porous outer casings used in the blowing and
bleeding devices improved the stall line, as compared to the plain casing
configuration, even without blowing or bleeding. The mechanism which
produced this result was not determined, however.

For evaluation of the stall limits with blowing and bleeding, the weight

flows were compared on the basis of the compressor inlet flow upstream of the
blowing or bleeding devices. On this basis, both blowing and bleeding at

the tip improved the stall line with distorted inlet flows, where the rotor
stalled at the tip. Blowing was more effective than bleeding. With
undistorted inlet flow, where the rotor stalled at the pitchline, casing

bleed had an adverse effect on the stall limit. Blowing in this case improved
the stall limit relative to plain casing insert results, but gave a stall

line only slightly higher than the blowing insert configuration without
blowing flow,

INTRODUCTION

Use of highly-loaded high-aspect-ratio transonic stages in aircraft gas
turbine compressors, while offering the potential of designing lighter and
more compact units, has been hindered by the fact that such stages generally
have less stall margin and less tolerance to inlet flow distortions than
stages with lower-aspect-ratio blading. It has generally been observed that
the flow near the tip of this type of rotor breaks down first causing stall.
Therefore, if outer casing boundary layer control devices could be employed
to delay the breakdown of the flow at the casing, the full potential of
high-aspect-ratio rotor blading might be exploited.



The objective of this program, therefore, was to investigate casing boundary
layer control methods as a means of increasing the unstalled weight flow
range of a rotor having an aspect ratio of 4.5, a tip inlet relative Mach
number of 1.2 and a design tip diffusion factor of 0.45. Tests with
undistorted and distorted inlet flow were included. One outer casing
blowing and one bleeding configuration were tested, along with a baseline
configuration using a conventional solid casing over the rotor tip.

Originally it had been planned to evaluate several other blowing and bleeding
configurations. The rotor, however, was found to stall at the pitchline
rather than at the tip with undistorted inlet flow, thereby lessening the
effects of casing boundary layer control. As a result the program was
redirected to concentrate more heavily on testing the rotor with inlet flow
distortions, in which case the stalls did originate at the tip. Distortion
testing was conducted both with and without casing boundary layer control.

This final report of the program is intended to compare results from the
various configurations tested and emphasizes the effects of inlet flow
conditions, casing configuration and boundary layer control on the rotor
stall line. A presentation of test data and discussion of the performance
obtained with each test configuration can be found in references 2 through
5.

Throughout this report, comparisons are made between the stall lines or
stall limits obtained in different tests. For purposes of discussion, an
improvement in stall line (or stall limit) is said to result if this limit
line lies above and to the left of the reference stall line on a compressor
performance map of total-pressure ratio versus weight flow. This approach
is admittedly qualitative, but in an investigation such as this where the
compressor is not part of an engine system, precise terminology, such as
stall margin relative to an operating condition, cannot be used. The
present approach is thus considered adequate.



SYMBOLS

The following symbols are used in this report:

A

A.
J

flow area, in?

area represented by each discharge rake element. This is the
area of an annulus bounded either by radii midway between those
of the two adjacent elements or by the hub or casing, in?
enthalpy-equivalent static-pressure-rise coefficient,

P_\y-1
2\ T _ - U2 ___UZ
ZchPt1[<pl> Y l:l ( 2 1)

c, = ,

V2
1

static - pressure-rise coefficient,

Cp = pz'p
1

P-p

1 1

specific heat at constant pressure, Btu/lb-°R

diffusion factor

1
V2 rzvez - I‘lvel
D=1-—+ ———F—
Vl 2r C Vl
acceleration due to gravity, 32.174 ft/sec?

incidence angle, difference between air angle and camber line
angle at leading edge in cascade projection, deg

mechanical equivalent of heat, 778.161 ft-1b/Btu

Mach number

total or stagnation pressure, psia

arithmetic average total pressure at j immersion, psia

static or stream pressure, psia



.H[

zj

radius, in

mean radius, average of streamline leading-edge and trailing-
edge .radii, in

total or stagnation temperature, °R

arithmetic average total temperature at j immersion, .°R
static or stream temperature, °R

rotor speed, ft/sec

air velocity, ft/sec

average axial velocity at j immersion, ft/sec

weight flow, lb/sec

displacement along compressor axis, in

air angle, angle whose tangent is the ratio of tangential to
axial velocity, deg

ratio of specific heats

total pressure s psia
standard pressure 14.696 psia

ratio:

deviation angle, difference between air angle and camber line
angle at trailing edge in cascade projection, deg

meridional angle, angle between tangent to streamline projected

on meridional plane and axial direction, deg

total temperature °R
standard temperature 518.688°R

ratio:

angular displacement about compressor axis, deg
efficiency

angle between cylindrical projection of the blade camber line
at the leading or trailing edge and the axial direction, deg

static or stream density, 1b-sec?/ft"
solidity, ratio of chord to spacing
stream function; wh = 0, wc =1

total-pressure-loss coefficient
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Subscripts:

ad adiabatic

an annulus value

avg arithmetic average at any plane

c casing at any plane

d downstream

h hub at any plane

in inlet

J immersion number

m meridional direction

P polytropic

s suction surface

u upstream

z with respect to axial displacement

e with respect to circumferential displacement

1 leading edge

2 trailing edge

0.05, 0.65, 0.90, 1,54, 1.90, 3.50 instrumentation plane designations

(figures 2 and 3)

Superscripts:

* critical flow condition

relative to rotor



TEST APPARATUS
Test Rotor

The rotor used in this investigation was typical of a compressor front stage
which might benefit from application of a casing boundary layer control
device. The design corrected weight flow per unit frontal area was 29.50
lbs/sec-sq ft, and the inlet hub-tip radius ratio was 0.50. These

parameters gave a design corrected weight flow of 187 1lbs/sec with the
selected inlet tip diameter of 34.0 inches. A rotor design tip speed of

1120 ft/sec was used with axial inlet flow to produce an inlet tip relative
Mach number of 1.2. The tip solidity was set equal to 1.0, and the tip
diffusion factor was chosen to be 0.45. The above design conditions
determined the change in angular momentum of the air along the tip streamline.
In conjunction with the selected tip relative total-pressure loss coefficient
this gave a design tip total-pressure ratio of 1.47, which was then held
constant radially.

The rotor tip diffusion factor of 0.45 was somewhat higher than is common
in stages of this type, but was selected expecting that the boundary layer
control devices to be used in the program would permit operation at loading
levels that were in excess of conventional design practice. With this
exception, however, the aerodynamic design was conventional and was repre-
sentative of current technology. Table 1 is a listing of design blade
element data for this rotor along streamlines. Radial positions 1-7 in

the table represent streamlines passing through the rotor exit measuring
station, plane 1.54, at 5, 10, 20, 30, 50, 70 and 90 percent of the annulus
height from the tip.

A tabulation of rotor blade geometry at the blade element data sections is
given in-Table 2, The design aspect ratio of the rotor was 4.5, and the
chord of 1.772 inches was constant radially. Double-circular-arc blade
sections on cylindrical surfaces were used at all radial positions. There
were 60 blades in the rotor. Average running tip clearance at 100% design
speed was 0.027 inch or approximately 1.5% of the chord.

The rotor employed a part-span shroud to assure aeromechanical stability.
The shroud was located at 39.5% span from the tip where the design inlet
relative Mach number was 1.045. The shroud was approximately elliptical

in cross section with a length (parallel to the local blade chord) of 43%

of chord and a thickness of 19% its own length. Figure 1 is a photograph of
the rotor showing the part-span shroud. Additional details of the aero-
dynamic and mechanical design of the compressor are given in reference 1.
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Performance tests were conducted in General Electric's House Compressor
Test Facility at Lynn, Massachusetts. This facility is an open cycle type
with atmospheric inlet and discharge. A diagram and description of the
test arrangement are contained in reference 2. The rotor was tested as an
isolated blade row without inlet guide vanes and with outlet de-swirl vanes
placed approximately five rotor chord lengths downstream.

Instrumentation and Data Reduction

Radial, axial and circumferential positions of the various instruments used
in the test program are shown in figures 2 and 3. Overall performance data
were calculated from fluid properties measured by fixed instruments at

inlet and exit measuring stations. Blade element data were calculated from
the readings of traverse probes located within one half rotor chord length
from the blade leading and trailing edges. Special inlet total pressure
rakes were located between the distortion screen and the rotor inlet

during testing with distorted inlet flow. Flow angle measurements were also
made during one circumferential inlet flow distortion test using traverse
probes located at rotor inlet and exit stations. Hot wire anemometers were
provided behind the rotor in order to determine the number and radial extent
of rotating-stall cells. References 2 through 5 contain descriptions of the
instrumentation arrangement used in each particular test configuration as
well as photographs of the instruments used.

Data reduction for overall performance was based on an arithmetic average

of inlet total pressure; rotor exit total temperature and total pressure
were obtained by a radial mass-weighting procedure as explained in reference
2. Reference 2 also describes data reduction methods used to obtain blade
element data at the leading and trailing edges of the rotor blades.

Boundary Layer Control Equipment

The first casing boundary layer control configuration studied was a blowing
device over the rotor tip. This was designed to increase the inlet dynamic
pressure at the rotor tip. Since stall in this type of rotor had generally
been observed to originate near the tip when values of the static-pressure-
rise coefficient reached 0.45 to 0.50, it was expected that increasing the
inlet dynamic pressure by blowing in the tip region would allow the tip
element to produce a higher static pressure rise for the same limiting value
of static-pressure-rise coefficient.
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The blowing system supplied a measured quantity of temperature-and-pressure
regulated air to a plenum chamber over the tip of the rotor, and an insert
in the compressor casing directed this air into the main airstream.
Schematic diagrams of the blowing air system and the blowing insert are
shown in figure 4, and a photograph of the blowing insert is shown in
figure 5. The insert contained three rows of converging-area holes oriented
so as to inject the air inward at an angle of 20° from a cylindrical surface
and to impart 30° of counter-swirl. The magnitude of the counter-swirl was
selected so that the jet, when entering the main airstream at an absolute
Mach number of 1.0, would impinge on the rotor at a relative air angle
corresponding approximately to the design incidence angle. Two rows

of holes discharged forward of the rotor leading edge while the third row
discharged over the rotor tip. The holes were sized so that approximately

% of design weight flow could be injected with the holes just choked.

A casing bleed configuration was also evaluated in this program. This
boundary layer control device was intended to remove low energy casing
boundary layer fluid over the rotor tip. Since casing boundary layers

had been observed to contribute to flow breakdowns and the formation of
rotating stalls, their removal was expected to delay the onset of stall.
The bleed air system consisted of steam ejectors to reduce the pressure in
a plenum chamber over the rotor tip and a porous insert in the casing to
direct casing boundary layer air out of the main airstream by way of the
plenum chamber and ejector system. Figure 6 presents schematic diagrams
of the bleed air system and the bleed insert.

The bleed insert used in these tests was made of 0.60 inch hexagonal

honeycomb material. As shown in figure 6(b), the forward part of the honeycomb
insert was plugged with removable filler material; the open honeycomb extended
from just aft of the blade leading edge to just aft of the trailing edge.

The centerlines of the honeycomb cells were in planes perpendicular to the
compressor axis and were tilted 70° from radial in the direction of rotor
rotation. This configuration was selected so that the casing boundary layer
air most likely to be removed was that with a low axial velocity and, there-
fore, a high tangential velocity. Figure 7 is a photograph of this bleed
insert. This insert was sized so that 4% of the design compressor flow could
be extracted by choking the flow through the porous material.

Additional background material on the design of both boundary layer control
devices tested is given in reference 1.
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Inlet Distortion Screens

Five inlet airflow distortion patterns were investigated during the program.
All were produced by mounting distortion screens at plane 0.10 located 9.0
inches, or approximately 26% of a rotor diameter, ahead of the rotor,
Photographs of these distortion screens mounted on their support structure
appear in figure 8. The least porous, or heavy, distortion screens had

54% blocked area and were designed to produce a total-pressure loss of about
20% in the distorted region at design weight flow. The more porous light
screens had 35% blocked area and were designed to produce a total-pressure
drop of about 10% in the distorted region.

Four inlet total-pressure rakes were installed at plane 0.65 (figures 2 § 3)
between the distortion screen and the rotor to measure the inlet distortion
pattern. These rakes were spaced approximately every 90° around the circum-
ference and each had five measuring elements located radially at the 10, 30,
50, 70 and 90% blade element streamline positions. An arithmetic average
of the readings from the 20 pressure elements have a reasonably accurate
value for the average rotor inlet total pressure.

The radial inlet flow distortion was generated by a screen made of the heavy
material which covered the outer 40% of the annulus area, figure 8(a). Thus
the two outer elements on each five-element distortion rake, or 40% of

these elements, were in the low-total-pressure region. One circumferential
distortion screen was also made of the heavy material. This screen, figure
8(b), covered a 90° sector of the inlet annulus from hub to tip. Another

90° circumferential distortion screen was made of the light material,

figure 8(c). Both were placed in the test compressor directly ahead of one
of the four inlet total-pressure distortion rakes, and thus 25% of the
pressure elements were in the low-total-pressure region. The third
circumferential distortion screen covered a 180 sector of the inlet annulus
from hub to tip and was made of the light screen material, figure 8(d). This
screen was placed in front of two of the inlet distortion rakes so that 50%
of the pressure elements were in the 1ow-tota15pressure region. The fourth
circumferential inlet flow d%stortion, the 120" rounded pattern, was generated
by a screen with a center 60 sector made of the heavy material and a 30
sector on either side made of the light material, figure 8(e). This screen
was designed to produce a more sinusoidal 01rcumferent1a1 pattern having a
product of pressure drop times area equal to that of the heavy 90° screen.
The center of this screen was aligned with one of the four inlet distortion
rakes. The mounting structure for the distortion screens was modified during
the test program so that the screen could be rotated to various positions
relative to the instrumentation.
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DISCUSSION
Performance of Rotor With Plain Casing Configuration

Testing was first conducted with a conventional solid casing over the rotor
tip, termed the plain casing configuration. Data on this configuration
were obtained for undistorted, radially distorted and circumferentially
distorted inlet flow conditions. These tests served as a baseline for
comparison of the effects of boundary layer control.

Comparison of Undistorted Inlet and Radial Distortion Performance. Figure 9
is a compressor performance map for the plain casing insert configuration
with undistorted inlet flow. The rotor achieved its design total-pressure
ratio of 1.47, but did so at a flow of 177.5 lbs/sec rather than at the
design flow of 187 1lbs/sec. The stall point at design speed was at a flow
of 172.2 1bs/sec and a total-pressure ratio of 1.48.

Examination of blade element data obtained at design weight flow and at 100%
speed (see reference 2, data from Reading 9) indicated that deviation angles
and total pressure loss coefficients for the rotor were greater than design
intent in the hub region. These results are consistent with the rotor

not attaining its design total-pressure ratio at design weight flow. Despite
missing the design objective, however, the rotor did produce reasonably good
design speed performance: unstalled flow range was greater than 10% of
design flow; design diffusion factors were exceeded before stall; a peak
adiabatic efficiency of 90% was achieved at design speed. In general there
were no serious performance deficiencies, and the overall performance was
believed to be generally representative of this type of compressor.

Hot wire anemometer data obtained during the onset of stall with this config-
uration showed that the rotating stalls were most severe at the pitchline

of the rotor. It was thus suspected that rotating stall was not initiated

by a breakdown of the flow at the tip of the rotor, but rather that rotating
stall originated in the vicinity of the part-span shroud. To check if this
was in fact the case, the rotor was tested again with undistorted inlet flow
but with a greatly thickened inlet casing boundary layer produced by a trip
ring ahead of the rotor. Figure 10, the compressor performance map for this
test with the boundary layer trip installed, shows that the stall line at
design speed was only slightly reduced and was improved at 90% speed. Stall
hot wire data with the thickened inlet casing boundary layer still showed
that the stalls were most severe near the part-span shroud. These results,
presented in more detail in reference 2, led to the conclusion that the stall
1limit for this rotor with undistorted inlet flow was not established by the
tip section of the blade, but instead resulted from stall near the pitchline.
Past experience with highly-loaded, high-aspect-ratio transonic rotors, designed
according to similar conventional criteria, had indicated that the tip region
of such compressors is most likely to cause stall.
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When subjected to a tip radial inlet flow distortion, however, the rotor tip
was stall-limiting. A performance map for the plain casing insert config-
uration with radial inlet flow distortion appears in figure 11. A large
reduction in the level of the stall line resulted from this distortion, which
had a value of the distortion parameter (Pm -P in) /Pm x equal to 0.18
near the design speed stall point. Hot wire anemometer &3ta obtained during
the initiation of stall clearly showed that the stalls originated at the tip.

A comparison of the radial distributions of flow conditions for undistorted
inlet flow and radial inlet flow distortion tests is given in figure 12.
Data are given at design speed stall, obtained by plotting unstalled test
data versus weight flow and extrapolating to stall; design values are also
given. All data presented in the figure for radial inlet flow distortion
were calculated from fixed instrumentation measurements, using a linear
interpolation between hub and casing values to obtain static pressure. The
low inlet axial velocity calculated at 30% span, near the inner edge of the
radial distortion screen, may be inaccurate since the interpolation method
used for static pressure could not account for the high streamline curvatures
expected at this position. Data for undistorted inlet flow were calculated
from both fixed and traverse instrument readings; the symbols used in
figure 12 indicate the source of the data.

Figure 12 shows that with undistorted inlet flow the rotor stalled at somewhat
greater than its design point aerodynamic loading, in terms of diffusion
factor, and that relative inlet air angles, total-temperature rise and total-
pressure ratio were also higher than design values in the blade tip region.
These data show that flow conditions near stall in the region of the part-span
shroud were essentially what would be expected from the design of the rotor.
No major departures from design radial distributions of flow conditions

appear to exist, and there is thus little data to show why the pitchline was
the stall-limiting element for this rotor.

For the case of radial inlet flow distortion, figure 12 shows that conditions
at stall were clearly most severe at the rotor tip where rotating stalls
originated. It is of particular interest to note that the diffusion factor

at 10% span was greater with radial inlet flow distortion than with undistorted
inlgt flow, 0.575 as compared to 0.445. The discharge total temperature of

608 Roproduced with radial inlet flow distortion also was greater than the
599.5 R produced at 10% span with undistorted inlet flow.
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Because the potential gains in range to be achieved by application of outer
casing boundary layer control should be greatest in a rotor where the tip
is the stall-limiting blade element, the results of testing this rotor with
the plain casing and the boundary layer control configurations with radial
inlet flow distortion may be the most indicative of the benefits of casing
boundary layer control. These radial inlet flow distortion results should
be applicable to other designs in which the tip blade element is stall-
limiting with undistorted inlet flow.

Performance With Circumferential Inlet Flow Distortions. Tests were conducted
using four different circumferential inlet flow distortion patterns with the
plain casing configuration. These tests are documented in detail in reference 5.
The first of these tests used the heavy 90  circumferential distortion screen
shown in figure 8(b). Figure 13 is a compressor performance map showing the
test results obtained with this inlet distortion screen installed. The most
notable aspect of these results was that the stalling weight flow at all

speeds was substantially reduced relative to that with undistorted inlet flow.
Despite a reduction in stalling total-pressure ratio, the reduction in stalling
weight flow was large enough to move the stall line to the left of the
undistorted inlet stall line on the compressor performance map. The compressor
was operated at 100% design speed without stalling at weight flows as low as
146 1bs/sec, but intermittent stall did occur at flows as high as 154.5
1bs/sec, particularly when traverse probes were immersed into the stream. This
region of intermittent stall is indicated in figure 13.

Three other circumferential inlet flow distortion patterns were then tested
to see if the same unusual result would be produced by patterns of different
intensities and shapes. The screens used to produce these distortion
patterns are shown in figures 8(c) through 8(e). Figure 14 compares the
stall lines of all four circumferential inlSt flow distortion tests with the
undistorted inlet flow stall line. The 120  rounded pattern, which had a
center region of heavy distortion and regions of less intense distortiog at
either side, produced approximately the same stall line as the heavy 90 pattern.
The two light patterns, which had the same distortion intensity but different
areas of distorted flow, produced virtually identical stall lines. With both
of these less intense distortion patterns the stall point improved at 70% and
90% speeds, but at design speed there was a reduction of the stall point as
compared to undistorted inlet flow results.
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Examination of figure 14 indicates that, within the range of these tests,
neither the extent nor the shape of the circumferential distortion patterns
had a strong effect on the stall line of this rotor. The effect of the
intensity of the pattern appeared mainly at design speed. At this speed the
light patterns reduced stalling total-pressure ratio but not stalling weight
flow, resulting in a reduced stall line. The heavy distortions caused a
large reduction in stalling weight flow, but little additional loss in
stalling total-pressure ratio, and thus improved the stall line.

In order to better understand the source of the unusual performance displayed
by the rotor when operated with circumferential inlet flow distortion,
detailed circumferential surveys of flow conditions were obtained for the
case of the heavy 90 pattern. Inlet pressures at plane 0.65, discharge
pressures at Plane 1.90, and inlet and discharge flow angles at Planes 0.90
and 1.54, respectively, were measured at numerous points around the
circumference. The data from these circumferential surveys were used by

NASA personnel of the Lewis Research Center to calculate inlet and discharge
axial velocities at planes 0.90 and 1.54, respectively. A linear variation
of static pressure between values measured at the walls was assumed at each
of these two planes. The total pressures and total temperatures were
measured at planes 0.65 and 1.90, however, and these measured properties

thus had to be associated with static pressure and flow angle values by an
approximate method. Radius changes between measuring and calculation stations
were accounted for by assuming that the flow followed design streamsurfaces.
Circumferential shifts of the flow between planes 0.65 and 0.90 were neglected
because the axial distance between stations was not large and the flow angles
were low. At the discharge, the circumferential shift of the flow between
planes 1.54 and 1.90 was estimated by using the arithmetic average flow angle
at each radial position.

Figure 15 presents circumferential variations of measured and calculated
flow conditions at 100% design speed and a weight flow of 157.8 1lbs/sec;
figure 16 presents these same quantities at a weight flow of 174.8 1lbs/sec
and 100% speed. Figure 15 represents a near stall point, and figure 16
represents a wide open throttle point at design speed for the heavy 90°
pattern. The curves shown in these two figures represent the average of a
very large number of data points.
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Comparison of inlet pressures, absolute flow angles, axial velocities and
incidence angles shown in figures 15 and 16 indicates that rotor inlet
conditions were qualitatively the same throughout the weight flow range at
design speed. At both high and low weight flows the region behind the screen
was severely distorted, with very low axial velocities and large negative
flow angles (counter to rotor rotation) being produced. Very large gradients
of inlet axial velocity and absolute flow angle were produced at either side
of the distorted region at all weight flows. Decreasing the weight flow to

a value near the point of inception of rotating stall affected inlet conditions
in the undistorted part ofothe annulus (at top center) by increasing the tip
incidence angle by about 4 . Incidence angles were nearly constant in the
distorted region with maximum values of over 20 existing at all weight flows.

Circumferential variations of discharge flow conditions at the tip and the
pitch were very similar in both figures 15 and 16. Although it was not
possible to trace fluid particles from the inlet to the discharge, it could
be seen that the distorted inlet region produced a corresponding region at
the discharge in which tip and pitch flow angles and total-temperature rise
were very large and total pressures and axial velocities were low. At the
tip in particular the main effect of reducing the weight flow was to increase
- work input and pressure rise in the undistorted region while flow conditions
in the distorted region were essentially constant,

Circumferential variations in discharge flow conditions at the hub were
distinctly different from those at the tip and pitch. 1In the distorted
region, the hub work input was large but so was the pressure rise. In
addition, the hub axial velocities did not reach such low values nor did the
hub discharge swirl angles become as large in the distorted region as occurred
at the tip and the pitch. The flow conditions at the hub were virtually
unaffected by changes in weight flow, as seen by comparing the data in

figures 15 and 16, because of the inherently flat characteristic of the rotor
hub blade element.

The conclusion to be drawn from the data in figures 15 and 16 is that over
the entire range of weight flows investigated with this inlet distortion
pattern, the rotor stalled at the tip and the pitchline but not at the hub
as the blades passed through the distorted region of flow. As a rotor blade
left the distorted region, it experienced a rapid reduction in incidence
angle, and the tip and pitch sections ceased to operate in the stalled mode
until the blade re-entered the distorted region. The stalled region acted as
a blockage to the rest of the flow and thereby reduced the severity of the
inlet conditions in the rest of the annulus. The stall region appeared to
be stable; it was confined to one region of the annulus, and no rotating
stall was observed until the flow was reduced far below the stalling weight
flow obtained with undistorted inlet flow.
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Circumferential surveys of flow conditions were not made with the other three
circumferential inlet flow distortions. Figures 17, 18 and 19, however, do
present data taken near design speed stall which show circumferential
variations in inlet and exit fluid properties. The amount of data available
was limited, however, and the curves drawn through the data points were made
analogous to those in figures 15 and 16. These figures indicate that a stable
region of stalled flow may have existed with the other distortion patterns
also. Examination of flow conditions at inlet and discharge in each case
shows that low velocities existed in the distorted region which produced

high incidence angles and work inputs. In the undistorted region velocities
were much higher, work input was reduced, and inlet conditions were less
severe. It can also be seen, however, that the two less intense distortion
patterns, figures 18 and 19, created less variation in velocities and work
input than did the more intense patterns. Evidence can be found to indicate
that with these distortion patterns also the tip and the pitch, but not the
hub stalled in the distorted region and operated stall-free in the undis-
torted region.

Clearly, the most unusual aspect of the performance of this rotor with
circumferential inlet flow distortions was the fact that the stalled region
of flow was stable and that rotating-stall cells did not appear until very
low weight flows were reached. This seems to be related to the ability of
the stalled region to act as a blockage which made inlet conditions less
severe and reduced work input in the undistorted region. Figure 20(a) is a
plot of design speed tip discharge total temperature versus weight flow for
each circumferential inlet distortion test. Both maximum exit total temp-
erature, which occurred in the distorted region, and minimum exit total
temperature, which generally occurred just before the distorted region, are
shown in the figure for each distortion pattern. Conditions at stalling
weight flow for each case have been found by extrapolation. The stalling
exit total temperatures at the tip are also shown for the cases of undistorted
inlet flow and radial inlet flow distortion.

With the more intense circumferential inlet flow distortions, figure 20(a)
indicates that the maximum exit total temperature at the tip was very high
(higher than with undistorted inlet flow or radial inlet flow distortion at
stall), and moreover was virtually constant with weight flow. However, the
minimum tip discharge total temperature increased with decreasing weight
flow. The most interesting aspect of these data is that rotating stall did
not occur until the minimum tip temperature approached the level where
rotating stall normally began with undistorted inlet flow or with radial
inlet flow distortion.
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The situation indicated in figure 20(a) is less clear with the light
circumferential distortions. The maximum discharge total temperature varied
more rapidly with changes in weight flow, and was only slightly higher at
stall than was observed with radial inlet flow distortion. The minimum tip
exit total temperatures at the initiation of rotating stall were noticeably
less than the stalling value with undistorted inlet flow. These data may
indicate that the rotor tip was not badly stalled in the distorted region
at high weight flows. It may also be the case that, because the incidence
angle did not decrease as abruptly as the rotor blades came out of the
distorted region, rotating stalls may have been able to propagate shortly
after the rotor tip stalled.

Figure 20(b) is a plot similar to 20(a) but gives data at 90% speed for the
heavy and the light 90° circumferential inlet flow distortions. At this

speed the response of the rotor to the two distortion patterns was much the
same. With either pattern the temperature rise at the tip in the distorted
region was high and did not vary appreciably with weight flow. Rotating

stall began in each case when the minimum tip temperature rise approached the
stalling level found at the tip in undistorted inlet or radial d1stort10n
tests at 90% speed. Thus at 90% speed, for both the heavy and light 90°
circumferential inlet flow distortion, there is a distinct similarity in the
discharge temperature data at stall and in the location of the incipient

stall points as indicated on figure 14. At design speed there is a noticeable
difference in these characteristics as seen in figures 14 and 20(a).
Sufficient detailed data are not available to yield firm conclusions regarding
these relations; the intent here is only to note that at design speed the mode
of operation is different for the two levels of distortion, while it appears
to be the same at 90% speed.

Performance of Rotor With Blowing and Bleeding Devices

Summary of Performance. Outer casing boundary layer control by blowing and
bleeding over the rotor tip was a major part of this investigation even
though some emphasis was shifted from this aspect in order to perform more
testing with inlet flow distortions. Two boundary layer control devices

were evaluated: blowing configuration No. 1 (figure 5), having three rows of
holes, two ahead of and one just over the rotor leading edge; and bleed
configuration No. 3 (figure 7), made of honeycomb material over the full tip
of the rotor. Tests using these boundary layer control devices were conducted
with undistorted and distorted inlet flows,
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All results presented in this section relating to the use of blowing or
bleeding flow refer to the optimum rate of flow, as determined during the
first part of the testing with each insert configuration and each inlet flow
condition. Generally the effect on stall 1limits of varying the quantity of
boundary layer control air blown or bled through the inserts was small, and
the maximum rate of approximately 10 1lbs/sec which the system could produce
was usually taken as the optimum. References 3 and 4 describe how the
optimum blowing or bleed flow rate was selected and give data for non-optimum
rates.

Figures 21 through 26 summarize the rotor performance with the blowing and
bleeding devices for undistorted, radially distorted and circumferentially
distorted inlet flow conditions. These performance maps compare test
results for each configuration for the cases of optimum blow or bleed flow
and zero boundary layer control air flow; also shown is the corresponding
plain casing configuration stall line.

It should be pointed out that in all cases when blowing or bleeding air

flow was used, the compressor weight flow referred to in citing performance
results was taken to be the flow upstream of the blowing or bleeding devices.
Thus the weight flow plotted in figures 21 through 26 does not include any
of the blowing air flow, part of which was injected ahead of the rotor
leading edge, nor has the weight flow been reduced by the amount of bleed
air flow extracted from over the rotor tip. If downstream rather than
upstream weight flow had been used in plotting the performance maps, the
stall line for the blowing tests would have been at approximately 10 lbs/sec
higher weight flow, and the results would have appeared less favorable.
Similarly, the stall line for bleed tests would have been at about 10 lbs/sec
lower weight flow, and these results would have appeared more favorable.
There were two reasons for adopting the convention of using upstream weight
flow in interpreting the test results. First, by so doing, the constant
speed lines on the performance maps nearly coincided in the unstalled region
for zero and optimum boundary layer control air flow. This allowed a more
readable presentation of the data. Second, and most important, it was
believed that the compressor inlet weight flow would generally be the most
significant flow to document if the results were to be interpreted in terms
of an engine application.
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Comparison Of Stall Limits With No Blow or Bleed Flow. Examination of
figures 21 through 26 indicates that use of the porous blow and bleed casing
inserts with no blowing or bleed air improved the rotor stall line relative
to that for the corresponding plain casing insert test. The effect was
greatest with distorted inlet flows, but was present to some extent with
undistorted inlet flow also.

Figures 27, 28, and 29 for undistorted inlet, radial distortion and
circumferential distortion tests respectively, compare the improvement in
stall limits caused by the two porous inserts. The magnitude of the
improvement varied with speed and inlet flow condition, and ranged from a

3% to an 8% decrease in the value of (wv 0 /&) / (P/P) at stall relative
to the plain casing insert configuration. The blowing insert produced the
largest improvement in the stall line with undistorted inlet flow, but

both the blowing and bleed inserts produced nearly identical stall lines with
distorted inlet flows.

During distorted inlet flow tests of the blowing and bleeding inserts with
no blow or bleed flow, rotating stall originated at the tip of the rotor,

but with undistorted inlet flow rotating stall originated near the pitchline.
The same results had been obtained during plain casing insert configuration
tests, so the improvement in the stall line produced by the porous casings
was not due to any change in the location where stalls originated. The
improvement in stall limits due to the porous outer casings was greater with
distorted inlet flows than with undistorted inlet flow, This is consistent
with the observation that the tip of the rotor was the stall-limiting blade
element only when the inlet flow was distorted.

No traverse data were obtained during tests with the porous casing inserts
installed, so all available data were obtained from fixed instrumentation
located at a minimum of 10% of the annulus height from the outer casing.
Because of this rather limited amount of data, the mechanism by which the
porous outer casings produced increased stall margin was not determined.
Some approximate indications of the flow conditions at or near stall were
obtained, however, and are presented in the following paragraphs.

Figure 30 presents radial distributions of discharge total temperature and
total-pressure ratio at design speed stall for undistorted inlet testing.
Test data were plotted versus weight flow and extrapolated to stall in order
to obtain the distributions presented in figure 30. This figure presents
results from tests with the plain casing insert as well as with the blowing
and bleed inserts. These data show that the rotor produced higher work input
over its entire span with the blow insert installed as compared to the plain
casing insert results, but the bleed insert produced a higher temperature
rise only at the tip. Higher work input can be expected with the blow insert
installed because the rotor was throttled farther before stall.
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Plots of discharge total temperature and total-pressure ratio versus corrected
weight flow at 100% design speed with undistorted inlet flow are presented
in figures 31(a), 31(b) and 31(c) for blade sections at 10, 30 and 50% span
from the tip, respectively. These figures compare data obtained in tests
with the blow, bleed and plain casing inserts. These data indicate that
increased work input near the tip at 10% span was produced throughout the
weight flow range with the bleed insert and over approximately half the
weight flow range with the blow insert. Tip total-pressure ratio was
reduced by the blow insert but not by the bleed insert. At the 30% and 50%
span positions where rotating stalls originated, however, the porous casing
inserts had very little apparent effect on work input or total-pressure
ratio.

Discharge total temperatures and pressures at or near design speed stall are
presented in figures 32 and 33 for radial and circumferential inlet flow
distortions, respectively. Results from blow, bleed and plain casing insert
tests are compared in these figures. Values given in figure 32 were obtained
by extrapolating test data to the stalling weight flow, whereas data points
in figure 33 represent measurements taken near stalling weight flow. Complete
circumferential distributions of total temperature and pressure, obtained
during plain casing configuration tests, are shown in figure 33 for reference.
The data in figures 32 and 33 show that the porous casings allowed higher
work input and pressure rise to be produced over the entire span of the rotor
at or near stall. Sufficient data were not available to determine if rotor
work input had been increased throughout the weight flow range, or if the
higher temperature rise at stall was due entirely to throttling to lower

" weight flows.

Several possible mechanisms have been suggested as being responsible for the
improved stall limits produced by the porous casing inserts. These have
included speculations that the casing boundary layer was made more stable by
the porosity of the walls or by a resonance condition in the blow or bleed
holes. It was also speculated that the roughness of the casing or a recir-
culation pattern at the tip thickened the casing boundary layer and reduced

the rotor diffusion factors. However, because the effect of the porous

casings had not been anticipated, no special instrumentation or test procedures
were used to obtain evidence which could conclusively support any of these
hypotheses.
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The only relevant data which was obtained concerned the possibility of

axial recirculation of casing boundary layer air whereby high pressure air
might have entered the plenum through the rear holes or openings and re-
entered the main stream in the low pressure region farther forward. Figure
34 shows plenum pressure and casing static pressures at 100% design speed

for undistorted inlet flow tests with the blowing insert. The pressure in
the plenum chamber was greater than the casing static pressure ahead of the
rotor but less than discharge static pressure. A similar trend was found for
radial inlet flow distortion testing with the blowing insert and also for
bleed insert tests with undistorted inlet flow and radial distortion. The
temperature in the plenum chamber at design speed with undistorted inlet flow
was only slightly greater than rotor tip discharge total temperature in the
blowing insert tests and was less than tip discharge total temperature in
bleed insert tests. With radial inlet flow distortion, the temperature in
the plenum chamber was again less th%n rotor tip discharge total temperature
with the bleed insert, but was 20-25 R higher than discharge tip total
temperature with the blow insert. Therefore, although the plenum pressure
data indicated that axial recirculations were possible, the temperature data
indicated that any recirculation present could not have been too large except
in the case of radial inlet flow distortion testing with the blow insert.

It can only be concluded at this time that any one of the suggested mechanisms
may have been the cause of the improved stall limits, or that several may
have been at work simultaneously. It is clear, however, that whichever
mechanism was responsible it must have influenced the flow at the pitchline

as well as at the tip in order to explain the improved stall limits with
undistorted inlet flow when rotating stalls originated in the pitchline
region,

Comparison of Stall Limits With Optimum Blow or Bleed Flow. The preceding
section of the discussion showed that the porous outer casings used in the
boundary layer control devices improved the rotor stall line relative to

the plain casing insert configuration even when no blowing or bleed flow was
provided. Figures 21 through 26 present performance maps for each boundary
layer control device with and without boundary layer control air flow, for
distorted and undistorted inlet flows. It can be seen from these figures that
the use of boundary layer control air in each case produced only modest
improvements in the stall limits over that obtained due to the porous casing
effect alone. Indeed, the stall line for the bleed insert configuration with
undistorted inlet flow was somewhat worse with bleed air flow than without
bleed flow and was even slightly worse with bleed than the undistorted inlet
stall line with the plain casing insert installed.
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Comparisons of rotor stall or aeromechanical instability limits obtained

with the blow, bleed and plain casing configurations for undistorted, radially
distorted and circumferentially distorted inlet flow conditions are given

in figures 35, 36 and 37. These figures also use the convention of reporting
results on the basis of the weight flow upstream of the blow or bleed devices.
Although in some instances with radial inlet flow distortion the limit of
operation was due to aeromechanical instability (figure 36), the majority of
the comparative data given in these figures indicates that, for this rotor,
the blowing boundary layer control device was more effective than the bleed
device as a means of improving stall limits.

Both blowing and bleeding produced a significant improvement in rotor stall
1imits with distorted inlet flows, figures 36 and 37. This may be related
to hot wire data which indicated that stall originated at the rotor tip
only when distorted inlet flows were imposed. It is reasonable to expect
that casing boundary layer control should be most effective in improving
stall limits when the rotor stalls at the tip, and this seems to have been
the case in this investigation.

With undistorted inlet flow, as shown in figure 35, the effect of blowing on
the stall line was favorable, but the effect of casing bleed was adverse,

Hot wire data taken at the inception of rotating stall indicated that the
stalls originated near the pitchline with undistorted inlet flow, and thus it
can be argued that the effects of outer casing blowing and bleeding influenced
the flow in the pitchline region. Figures 38(a), 38(b) and 38(c) present
plots of discharge total temperature and total-pressure ratio versus corrected
weight flow at 100% design speed for undistorted inlet flow. Comparisons

of data from plain casing insert, blowing and bleeding tests are given for
blade sections at 10, 30 and 50% span from the tip. Temperature data for

the blowing tests at 10% span was omitted from figure 38(a) because rotor work
input could not be distinguished from the energy added by the heated blowing
air. The figures indicate that with casing bleed the rotor work input was
reduced at 10% span, but total-pressure ratio was unchanged. Bleeding at the
tip had little noticeable effect on rotor characteristics at 30% or 50% span
where stall originated. Outer casing blowing, however, had a strong effect

at all radial positions. Work input and total-pressure ratio characteristics
were displaced to lower flows and reached higher values at stalling weight
flow than occurred with the plain casing insert or with casing bleed.
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The difficulty in interpreting the results obtained with blowing and bleeding
flow is that the total improvement in stall limits relative to plain casing
configuration results may be due partly to the effect of porous casings.

It is known that in all tests with the blow insert at optimum blowing flow
the forward blowing holes were close to being choked at 90% and 100% speeds,
but those over the rotor tip probably were not choked. None of the blowing
holes were choked at 70% speed. Also, in all tests with the bleed insert
the pressure drop across the honeycomb insert was sufficient to choke the
rear holes but not those near the leading edge. If the holes in the casing
were fully choked, any dynamic or recirculation mechanisms active without
blow or bleed should be suppressed. In the present tests, however, some
slight porous casing effect might still be active in the unchoked holes.
While the difficulty of identifying the mechanisms actually at work cannot
be disregarded, the results of this investigation suggest that blowing at
the tip of the rotor to increase the inlet dynamic head was a more effective
means of increasing stall limits than bleeding away the casing boundary
layer over the rotor.
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CONCLUDING REMARKS AND RECOMMENDATIONS

Major conclusions and recommendations resulting from this test program are
as follows:

1Y)

2)

3)

4)

Rotating stall may originate in the pitchline region, rather than at
the tip, of a transonic rotor designed according to conventional

design rules, at least if the local flow field is disturbed by a part-
span shroud. Future test programs should provide instrumentation

to see if this does in fact happen more often than had been anticipated.

The flow in this rotor when subjected to a circumferential inlet distor-
tion pattern was extremely complex. Particularly for the heavy 90

pattern, a stable region of separated flow was formed behind the
distortion screen which reduced aerodynamic loadings in the rest of the
annulus and prevented rotating stalls from propagating until very low
weight flows were reached. Additional investigation of the effects

of circumferential inlet distortions should be conducted on other stages
to determine if the data obtained in this investigation are representative.

Porous outer casings backed by a plenum chamber had a favorable effect
on the stall line. The improvement in the stall line was sufficient

to be of practical value especially where the tip was the stall-limiting
blade element. The mechanism which produced this effect was not
determined. Further work is required in order to determine the cause
and to see if the effect exists in other stages.

Casing blowing and bleeding for tip boundary layer control improved the
stall line in cases where stall originated at the rotor tip. Blowing
was more effective than bleeding in improving the stall line, indicating
that the most promising approach to boundary layer control in rotors is
to energize the casing boundary layer rather than to remove it.
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1)

2)

3)

4)

5)
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Table 1. - Listing of Check Case for Blade Element Results Using Design Data.

REL,ENLET

FLOW ANG,
584024
5%4277
563387
555324
523890
507183
49494982

REL, EX!T
FLOW ANSG,
504500
494679
477638
457079
379804
267928
104518

L0SS
COEFFICIENT
0,1175
0.1079
0.0922
0.,0787
0.8569
0,08449
0,0426

TaT, BRESS

LOBS RARAM
07037
07033
65028
07024
07017
87014
03012

INCIB ANG
MN,CRBR LN
1,154
1,257
1,967
2,55%
3.140
3.573
4,442

REL., DEV,
ANG, T,E,
3,860
3.749%
4,178
4,759
6,134
8,318
11,118

DIFFUSION
FACTOR
0,454
0.460
0,474
0.489
0,519
0.53%
0.468

ADIABATIC
EFFIEIENCY
0,8336
0.,8479
0.8734
0,8952
0.9382
0.9508
0.9623

TRAVERSE PRESSURE RATIO
TRAVERSE ADIABATIC EFF,
TRAVERSE POLYTROPlC EFF,
FLOW GOEFFICIENT L.E»
FLOW gOEFFICIENT T.E5
PERCENT CORRECTED ®PEED

" HH HHH

N,A;SiA, COMPRESSOR QUTRUT DATA
BLADE ELEMENY PERFORMANEE RESULTS

INCID ANG
SUCT,BURF
«1.,946
«2,243
~2.253
2,579
3,270
«3,367
=2,918

REL. TURN
ANGLE
7.524
7.598
8,748

10,242
15,086
23.255
38,973

ST, PRESS
R188 COEFF
0,35389
0,37228
0,40516
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0,45648

POLYTRQPIC
EFFICIENCY
0,8424
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0,9339
60,9534
0.9643

1,4670
0,%077
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100,80

INLEY REL

MACH NO,
1,1992
1,1823
1,1354
1,0919
1,0053
0.9177
0.7940

EXIT REL.
MACH NO,
0.7809
0,7625
0,7215
0,6818
0.,6091
0.5565
0.5606

CH1

0,4321
0,4477
0,4738
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0,5437
0,5559
0,4251

TOT, PRESS
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1,467
1,467
1,467
1,467
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1,467
1,467

INLET REL
VELOCITY
1288.277
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1083,315

990.474
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EXIT ReL,
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0,9102
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1.006258

INLET AX,
yELOCITY
681,978
686,251
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668,293
652,014
628,379
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EXIT AX,
yELOCITY
571,229
566,995
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551,345
547,324
558,963
594,981

AXTAL
VEL,RATIO
0.838
0.826
0.828
0.828
0.839
6.885
1.09%



TABLE 2 - LISTING OF ROTOR BLADE DESIGN GEOMETRY

Tmmersion, % Span from Tip @ Plane 1.5k

5% 10% 20% 30% 50% T0% 90%
¥ .936. .876 . 756 .62 31 .2kl .075
Ty 16.58 16.21 15.43 1k .66 13.08 11,4k 9.62
s 16.55 16.20 15.45 1h, 71 13.22 11.75 10.21
T 16.575 16.205 15.440 14,680 13.140  11.585  9.905
o 1.0209  1.0bk2 11,0959  1.1527 1.2878  1.4606  1.T708L
ei -2.95 ~1.6k 0.82 2.73 6.6k 12.07 22,12
62 -1.57 -0.80 0.75 2.37 5.80 10.00 15.92
oy 56.87  56.02  S5k.h2 52,77 h9.75  46.61 145,05
Kéi 59.9%  59.49  58.64  57.90  56.16  53.55  52.41
Ké? L6, 9k h5,93 43,46 40,32 31.67 18.61 -0.60
Chord 1.772 1.772 1.772 1.772 1.772 1.772 1.772
Max Thickness: 0.0327 0.0352 0.04k03 0.0457 0.0562 0.0669 0.0786

Chord Ratio
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Figure 1, - Photograph of rotor.
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Figure 4(a). - Schematic diagram of blowing air system.
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Figure 8(a). - Photograph of radial inlet distortion screen mounted on
support screen.
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Figure 8(b). - Photograph of heavy 90° circumferential inlet distortion
screen mounted on support screen.
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Figure 8(c). - Photograph of light 90° ecircumferential inlet distortion
screen mounted on support screen.
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Figure 8(d). - Photograph of light 1800 circumferential inlet distortion
screen mounted on support screen.
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Figure 8(e). - Photograph of rounded 120° circumferential inlet distortion
screen mounted on support screen.
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